Studies were conducted to define steady state pH, propionic acid concentrations and fluid turnover in the rumen of steers fed every 3 h and to determine whether rates of ruminal propionic acid disappearance were linearly related to their in situ production rates. Ruminally fistulated beef steers (326 f 11 kg; n = 3) were fed eight times daily a 54% mixed hay:46% com-based concentrate diet to meet maintenance energy requirements. Maximal acceptable variations from the mean at steady state conditions of pH, propionic acid concentrations and specific activity, and liquid flow (Cr marker concentrations) were defined as 4%, 20%, 30% and lo%, respectively, across 4 h of observation. In situ production of propionic acid, determined by pulsecontinuous infusion of l-14C-propionic acid, was 142 mmol/h (CV = 8.4%). The ruminal half-life of propionic acid was estimated to be 1.5 h and the liquid flow rate was 3.8 litersh. Propionic acid production rates subsequently were elevated by continuous intramrun al infusion of buffered propionic acid. Inrespective of production (basal and infusion) rate, approximately 66% disappeared (i.e., presumed absorption) and 34% passed from the rumen to the lower tract in the liquid phase. Ruminal disappearance of propionate was linearly related with its production rate, and propionate concentrations and production rates also were linearly related. Liquid passage was linearly related to production rate, but there was insufficient evidence to conclude that fractional dilution rate or ruminal volume were similarly related. When ruminal production of propionic acid is elevated, the rumen has additional absolute capacity to remove propionate, but the fiactional removal appears to be constant. The digestive tract distal to the rumen is likely an important site of propionate absorption in cattle when propionate production is high. 2Author to whom correspondence should be sent.
The steady state condition often is used by investigators interested in physiologic or metabolic events. This term realistically is a misnomer, because variability is inherent in biological systems. Definition of acceptable variation is invaluable to the design of statistically valid experiments.
The objectives of these experiments were to define the variation of ruminal fluid pH, propionate concentrations and liquid flow occurring with feeding eight times daily and to determine ruminal disappearance @IS) and passage (PSG) of propionic acid in steers with increasing propionic acid production rates (PROD).
Materials and Methods
Crossbred beef steers (Angus x Hereford, 326 f 11 kg/ n = 3), each fitted with a ruminal cannula, were housed individually in m e t a b lism crates. The area was lighted continuously and the ambient temperature was maintained at 18' to 20°C. Each steer was fed daily 3.5 kg of the diet shown in Table 1 to meet maintenance energy requirements (NRC, 1984) . This NJ. amount of feed was divided into eight equal portions, with one portion given every 3 h (0700, etc.) for a minimum of 1 wk prior to each experiment. Water was available ad libitum except on experimental days, when water was withheld during the infusion and the collection of samples.
Basal In Situ Propionate Production. A bolus dose of liquid phase marker (LiCrEDTA 6.30 g; Uden et al., 1980) and tracer quantities of l-l%-propionic acid5 (270 pCi; 50 pCi/ pmol) were mixed thoroughly into the rumen of each of the three steers (approximately O600). This dose contained sufficient l-14C-propionic acid to elevate the specific activity of ruminal propionic acid to approximately 1,500 dpm l4C/prn0l propionic acid. Following mixing, continuous infusion of a solution containing the marker (135 mg chromium [Cryh) and l-'%-propionic acid (81.5 pCi/h; 50 pCi/pmol) was begun6. Ruminal infusion rate was .34 litersb. The infusion rate was calculated to approach steady state specific radioactivity of propionic acid and steady state concentration of Cr in the rumen. Ruminal contents were mixed manually once each hour as well as immediately prior to each sampling. Contents were mixed for 5 min before sampling handfuls of ruminal contents from five sites in the rumen. Sampling began at 0930 with subsequent samples taken every 30 min until 1400 (n = 10). In situ ruminal fluid pH was measured hourly7. Infusion of the marker-acid solution was stopped before the 1400 sample; however, water was infused at .35 litersh for the remainder of the experiment. Samples were taken on the hour until 1800 in order to monitor the disappearance of Cr and '42. Steers had ad libitum access to water following the final sample.
Samples taken from the rumen were strained through three layers of cheesecloth and stored on ice for transport to the laboratory. The ruminal samples were centrifuged at 27,000 x g for 15 min8. Supernatant fluids were stored at -20'C until analyzed for concentration and radioactivity of propionic acid and for concentration of Cr.
' % radioactivity present in propionic acid of ruminal fluid was assessed by liquid scintillation spectrometry9. Evaluation of the pattern of acid elution by in-line HPLC radioactive monitoring documented that all counts present in the r~minal fluid appeared in the propionic acid peak. Therefore, direct counting of ruminal fluid was employed to determine the in situ specific activity of propionic acid.
Elevated Production of Propionic Acid. On each experimental day, a bolus dose of LiCrEDTA and buffered, unlabeled propionic acidlo was mixed thoroughly into the rumen of each of the three steers (approximately 0600). The bolus dose contained an amount of propionic acid calculated to elevate the ruminal propionate pool to the desired increment above the basal propionate concenmtion. These increments above basal are subsequently referred to as levels. Our intent was to increase production by equal increments from two to nine times basal. The bolus dose was followed by continuous infusion of a solution containing LiCrEDTA and buffered propionic acid at .34 liter& No isotope dilution techniques were used during experiments involving elevated production of propionic acid.
A mixture of inorganic salts (NaHCO-,, KHCO3 and NaCl; 73:38:7 on a weight basis; MacLeod et al., 1982; E. R. e)rskov, personal communication) was used to adjust the final pH of the infused solution to approximately 5.7. This liquid infusion rate coincided with daily average ad libitum water consumption by steers in this facility.
Infusion and sampling were conducted as described previously.
Chemical Analyses
Propionic acid concentrations in rumen fluid were analyzed by high performance liquid chromatography using a modification of Bush et al. (1979) . Samples were acidified to pH 1.8 (k .l) using concentrated H3PO4. An aliquot was transferred to a Centricon-10 microconcentrator and centrifuged at 5,900 x g for 2 h to yield a sample for analysis. Standards of 0 to 67.5 mM were prepared in a H3PO4 solution (pH 1.9). High performance liquid chromatography"was conducted using a RP-18 Spheri-5 column12 (4.6 mm i.d. x 25 cm) equipped with a Guard-PAK C-18 precolumn'3. The mobile phase consisted of a mixture of .01 M KH2PO4 (pH = 3.5) and CH3CN in the following proportions: 0 to 10 min, 1OO:O; 10 to 20 min, 5050; and 20 to 25 min, 1W.O. The flow rate was 1.0 Wmin at 86 to 90 atm and sample volume was 50 pl. Detection was at 214 nm and the attenuation was from .512 to 2.048 aufs. Data were collected using an integrator with concentrations calculated using peak heights.
Concentrations of Cr in ruminal fluid were quantified by atomic absorption spectro-S C O P Y~~. The linear response range was O to 7.5 ppm with samples diluted accordingly. The following conditions were used: wavelength, 357.8 nm; slit width, .7 nm; acetylene-nitrous oxide flame (Anonymous, 1986) .
Osmolality was assessed by freezing point depression 15.
Calculations and Data Analyses
Data were summarized using PROC UNNARIATE (SAS, 1985) to compute mean and median values of pH, concentration and specific activity of propionic acid and Cr concentration for each steer.
The condition of steady state was evaluated statistically using the results of linear regression of individual values against time during the infusion. Quantitatively, steady state (or equilibrium) was defined to have been attained if the response slope was close enough to zero to be negligible. This condition is determined as follows: Let T be the full range of time over which the response was measured. Assuming the response, Y, can be modeled as a simple linear regression of time, E{Y] = a + bt, then steady state hes been attained if bT < wa, where a is the mean of Y at steady state (b = 0) and where w is a percentage such that wa would be acceptable as the "equivalence threshold" for Y (Chester 1986) . That is, when dealing with Y, if differences between two measurements are within wa of one another, then, although this difference may be "real," it is so small that the two measurements are considered as Wig equal for all practical purposes. In effect, because bT is the total amount of change experienced by Y during the observation period, steady state has been attained if the total change is less than the equivalence threshold wa. This can be applied to the data by using the above relationship to define an equivalence threshold, delta, for the slope: delta = wa!I'. Then, existing statistical theory can be used to test whether the slope is essentially zero by testing whether the absolute value of the slope is less than delta (Westlake, 1988) . Because the larger the delta, the easier it would be to demonstrate that a slope is zero, an alternative to setting up the test would be to determine the smallest delta such that the slope is concluded to be essentially zero at a specified significance level. This value, the "least delta," denoted delta* (Chester, 1986), can then be used to compute the "least w": w* = T delta*/ a.
In practice, we would estimate a by the mean of the response variable over the full range of the data. The estimated w's in Table 2 are thus the smallest values such that steady state could have been statistically demonstrated for the available data.
Rates of disappearance and passage of propionic acid at steady state were calculated using the following equations: Disappearance rate @IS; mmol/h) = production rate (PROD)-passage rate (PSG), where PROD (mmovh) = '%-propionic infusion rate/propionic acid specific activity and PSG (mmovh) = propionic acid concentration x Cr infusion rate/Cr concentration. Flow rate of the liquid phase (litersh) was calculated for each steer as the quotient of the Cr infusion rate and the steady state concentration of Cr.
Following termination of the marker-isotope infusion, fractional dilution rate (1-1) of the ruminal liquid phase was estimated using a first-order model to fit the Cr disappearance data. Ruminal fluid volume (RVOL, liters) was estimated as the quotient of flow rate and the fractional dilution rate. For only basal, propionate production was the half-life of propionic acid (Tz PROP) in the rumen calculated. This half-life was determined using a first-order decay model to fit the reduction of l%-propionic acid specific activity and radioactivity following the end of infusion.
Results

Conditions of Basal Production
The ruminal pH remained constant at approximately 6.74 across animals throughout the infusion period. Within each animal, CV of 1% or less were documented (Table 2 ) and, qualitatively, systematic changes of biological significance were not seen ( Figure 1 ). Four percent variation from the mean was judged to be acceptable of equivalency at steady state (Table 2 ). The mean intraruminal concentration of propionic acid was 12.9 mM across animals vable 2). Within animals, CV of less than 10% were seen. Linear regression demonstrated a statistically significant slope only for animal 1037 (Figure 2) . Variation from the mean of less than -20 was judged acceptable for equivalency to zero (Table 2) .
Radioisotope variables are summarized in Table 2 and in Figures 3 and 4. Propionic acid specific activity (dpdpmol) was constant for animals 1037 and 1073 (CV < 10%) and regression slopes were not different from zero (P > 25); however, animal 1069 displayed decreasing values during the course of infusion (Figure 3) . Therefore, data collected from steer 1069 were not included in the data summary.
Thirty percent variation from the mean was considered acceptable as equivalency to zero at steady state (Table 2) . A similar pattern was observed with 14C in the rumen (dpdml; Figure 4) . Notable, however, was that animal 1073 displayed a statistically significant negative slope. Using this slope, a 7% decline would be predicted over the 4-h observation Concentrations of Cr varied within animal with a CV of less than 5% (Table 2) . Comparison of Cr data among animals is not warranted due to possible effects arising from differing ruminal volumes and fractional dilution rates. For 1037, linear regression values revealed a statistically significant negative slope ( Figure 5 ). This observation is likely to have no biological importance due to its small magnitude. Animal 1069 exhibited what a p peared to be a cyclic variation of Cr concentrations ( Figure 5) . When all values of 1069 were period. regressed across time, a statistically signifcant negative slope was seen ( Figure 5 ). When disregarding Cr data of animal 1069, test of equivalency supports that less than .10 variation from the mean was the equivalence threshold for steady state of Cr concentrations (Table 2) . Calculated variables are summarized in 
liters and the fractional dilution rate was
.089 h-l. The T? PROP in the rumen was estimated to be 1.55 h when using specific activity data and 1.46 h when using 14C radioactivity data.
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Conditions of Elevated Production of Propionic Acid
The empirically observed variables were summarized on a within-animal-expriment basis and are shown in Table 4 . Within animal experiments, coefficients of variation for pH, propionate, Cr, and osmolality were less than 3, 7, 6 and 4%, respectively. For measurement of the equilibrium threshold, acceptable thresholds have been defined in the previous section to be 4%, 20% and 10% for pH, propionate concentrations and Cr, respectively.
Steady state equilibrium thresholds for pH at elevated propionic acid production rates did not always conform to the previous value of .04 determined at basal production rate. The thresholds, shown in Table 4 , did not vary systematically with production level, although values up to .18 were observed. Therefore, the threshold value of .04 determined at basal production may differ from that observed at elevated levels of production.
Results shown in Table 4 concentrations. Observed equilibrium thresholds were within the acceptable limits (Le., c.20) defined previously at basal production in all instances but one. For chromium concentrations, the steady state equilibrium thresholds ranged up to .19 (' Table 4 ). which exceeded -10 seen at basal production.
The equilibrium thresholds for osmolality at steady state were less than .10 for a l l but two instances, in which values of .17 and .10 were observed (Table 4) . Interestingly, these two instances were observed at the highest production rate. Therefore, .10 is regarded as an acceptable threshold for osmolality under the current experimental conditions. Production rate was increased by infusing propionic acid in amounts calculated to yield equal increments above basal production. Total production rate in this experiment was estimated to equal the s u m of the basal rate plus the infusion rate. The range of production rates spanned from 142 to 1,408 mmol/h, approximating basal to nine times basal production. Information about the overall relationship between the measures of propionic acid removal and its rate of production is provided in Figures 6 to 9.
Ruminal disappearance rate (i.e., presumed absorption) was linearly related to production rate across a range of production rates ninefold above basal (Figure 6 ). These computed variables reflect absolute rates (i.e., mmol/h). When expressed as fractional disappearance, however, a nearly constant fraction of the production rate disappeared due to presumed absorption. This was supported by the overall fractional slope not differing from zero (P > .05). The absolute amount of propionate removed due to passage was linearly related with production rate. Therefore, propionate passage to the omasum at approximately 2.5 times basal production was equivalent to that disappearing from the rumen at basal production. Mean intraruminal concentration of propionic acid at steady state was related to production rate across the nine levels of production ( Figure 7 ). Liquid flow from the rumen increased at elevated levels of propionate production. The overall slope differed statistically from zero (Figure 8) , supporting a linear relationship between production rate and liquid flow at elevated production rates. The biological significance of this relationship is unknown because a S-literh increase is predicted across the ninefold elevation of production rates.
Fractional dilution rate was estimated by the slope obtained from a first-order model using Cr concentration decrease seen following cessation of marker infusion. Overall, there was not sufficient evidence to conclude that fractional dilution rate was related to production rate (P = .33 for €&,:mean overall slope = 0).
Rumen liquid volumes were estimated as the quotient of liquid flow and fractional dilution rate. Results shown in Figure 9 reflect the variability of this computed variable, although increased volumes tended to occur at elevated production levels. There was insufficient evidence to conclude that ruminal fluid volume was related to production rate ( Figure   9 ). of suitable animal and mathematical models to evaluate biological processes that are dynamic and cannot be measured directly. Steady state is a condition of biological equilibrium that was implemented through feeding eight times daily. The results were used to define steady state conditions with respect to propionic acid concentrations. The threshold estimates are random variables and thus are measured with error. Therefore, selection of the appropriate value is somewhat subjective because selection of an unreasonably high threshold may lead to accepting a state that is not at biological equilibrium (i.e.. not steady state). The criterion used in this study, the least delta, defies acceptable variation that would be considered statistically equivalent to equilibrium. Also, the mathematical model allows estimation of disappearance @.e., presumed absorption) and passage using steady state concentrations of propionic acid and Cr.
Dlscussion
In the present study, steers were fed a maintenance energy allowance as eight equally spaced meals in an attempt to minimize fluctuations following feeding and to achieve a steady state. Acceptable variation at steady state was defied and the coefficient of variation was computed for each measured characteristic. Intraruminal pH varied 1% (CV) or less across two feedings both within and between animals. Less than 4% variation from the mean slope was acceptable at steady state. No systematic biological trends were observed.
Within steers, concentrations of propionic acid had CV of less than 8%. Statistically significant linear regressions were seen, although biological significance is unlikely due to their small magnitude pable 3). Less than 20%
variation from the mean appears to meet the steady state criterion. These ruminal characteristics were defined to be at steady state. Measurement of the in situ production of propionic acid requires the existence of steady state conditions (Warner, 1964; Leng, 1970; Wiltrout and Satter, 1972; Sutton and Morant, 1978) . Attempts to q u a n e production during non-steady state conditions have been reported, but the results have been inconclusive (Mercer et al., 1977; Morant et al., 1978) .
A pulsedose continuous infusion technique was employed to achieve steady state conditions with respect to Cr and propionic acid concentrations as well as 14C-propionic acid specific activity and radioactivity. Within steers, Cr concentrations varied less than 5% (CV, Table 2 ). The only trend was the sinusoidal variation of CR concentrations observed in one animal (1069; Figure 5 ).
Measurements of specific-activity and radioactivity revealed a somewhat different degree of variability. That same steer (1069) exhibited declining values, although overall CV were less than 14%. Acceptable variations from the mean at steady state were less than .30 and -25 for specific activity and radioactivity measurements, respectively. "Constant" specific activities were reported to occur in cattle fed hourly after 4 h of continuous l%-VFA infusion following pulse dosing (Wiltrout and Satter, 1972) . However, no data were presented to document the magnitude of variation occurring during the subsequent 6-h sampling period. Variability observed in %-VFA infused sheep fed a chopped hay diet was greater when feed was given continuously (CV of 16 to 57%) rather than at hourly intervals (CV < .15%; Bruce et al., 1987) . The present study involved a 4.5-h infusion prior to repeated sampling over the following 4 h as well as intermittent manual mixing. These measures as well as the low level of feed intake may have reduced the variability seen in these data.
The rate of propionic acid production on this 54% mixed hay diet offered at maintenance allowance was 142 mmol/h (CV = 8.4%) or approximately 14% of ME intake. Similar rates have been reported in 300-kg Holstein steers fed a 70% forage diet at slightly above maintenance (Armentano and Young, 1983) . Other investigators have reported greater rates; however, in those studies, either or both the quantity and quality of the diets were greater than that used in the present study ( Table 5) .
Exchange of propionic acid carbon with other VFA is quantitatively insigmfkant (Bergman et al., 1965; Esdale et al., 1968; Sharp et al., 1982; Arrnentano and Young, 1983) . Therefore, the observed production rate determined infusion of tracer amounts of "%2-propionic acid reflects the in situ production rate of propionic acid.
The fate of this production lies with two outcomes: disappearance (presumed absorption) or passage from the rumen with the liquid phase. Disappearance accounted for two-thirds and passage one-third of the total (Table 3) .
This fraction was remarkably constant among animals. Previous studies of sheep (Weston and Hogan, 1968; Weston and Margen, 1979) and beef cattle (Sharp et al., 1982) have reported three-fourths disappearance and onefourth passage. These previous studies are the only published reports of in situ events and indicate that a majority of propionic acid produced in the reticulorumen is removed by that organ. The present study largely confirms those earlier findings and extends the characterization of absorption to elevated propionate production.
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The Tz PROP in the rumen was approximately 1.5 h (Table 3 ). Using data reported by Sharp et al. (1982) , the propionic acid half-life in beef cattle fed a 90% concentrate diet was estimated to be 1.47 h. Production rates in these two studies represented a range of 142 to 746 mmolh, suggesting that propionic acid disappearance and passage remains propodonately similar across increasing levels of production.
Liquid flows reported in this study were one-third greater and rumen liquid volumes were one-half larger than those reported for heavier, 90% concentrate-fed beef steers (Sharp et aL, 1982) . Fractional dilution rates were similar. These observations would not explain the consistent difference between the fractions of propionic acid disappearing in the rumen. Studies conducted with isolated or perfused rumens have shown that a reduced pH increases the rate of VFA absorption (Danielli et al., 1945; Masson and Phillipson, 1951) due to increased concentrations of the undissociated, passively absorbed form of the acid, One could speculate that the lower intraruminal pH of the concentrate-fed steers (5.38) compared with the forage-fed steers in the present study (6.74) increased the ruminal disappearance. This could cause the fractional disappearance to be greater in the concentrate-fed steers, as was observed. This increased disappearance must be considered in view of the reduced VFA production seen in vitro at lower pH (Esdale and Satter, 1972; Peters et al., 1989) .
Elevated propionic acid production was achieved through intraruminal infusion of propionic acid. Total production was calculated to be the sum of endogenous production (i.e., due to feed fermentation) and infused acids. W o r k e r s have assumed that infusion of unbuffered VFA does not alter basal fermentation (Bath et al., 1962) ; however, reduction of pH from 6.7 to 5.7 markedly decreased in vitro propionic acid production (Peters et ai., 1989) . Increased osmolality and propionic acid concentrations also depressed in vitro production, but to a far lesser degree than pH (Peters et al., 1989) . Therefore, buffered propionic acid was infused in order to minimize altering basal fermentation, especially at the lower levels at which basal production represents a larger fraction of total estimated production.
The present study demonstrates clearly that the disappearance rate of propionic acid from the rumen is directly related with its production rate across a range of production rates from basal to nine times basal. This range represents the extremes of possible production rates with the highest level (1.408 mmol/h) comparable to that reported for dairy cows consuming daily 2.1 kg of hay and 12.24 kg of corn-based concentrate (1,292 mmol/h; Bauman et d., 1971) . A constant fraction of total production, approximately 66%, disappeared from the rumen irrespective of the production rate. Conversely, approximately 34% passed from the rumen to the omasum in the liquid phase. This is the first report to quan&fy propionic acid disappearance from the intact rumen of normally fed cattle during progressive elevations of propionate production.
Intraruminal concentrations of propionic acid were related to production rates across the nine levels of production used in this study (Figure 7) . This relationship has previously been evaluated across lower, narrower ranges of production; results have indicated that concentration is a poor index of production Sharp et al., 1982) . The wide production ranges used in the present study and that of Weston and Hogan (1968) with sheep may account for this relationship; however, conditions in which passages rates, intake patterns, and digestion kinetics differ can also affect this relationship.
Results of the present study do not provide support to the use of concentration as a useful index of production when minor concentration differences exist. Elevated ruminal propionate concentrations have been suggested to induce ruminal stasis (Gregory, 1987) . In the present study, liquid flow out of the rumen continued throughout all levels of production. A linear relationship between liquid flow and production rate was seen (Figure 8 ), whereas fractional dilution rate and ruminal volume were not linearly related to production rate. These observations suggest that changes of liquid flow involve only absolute rather than relative flows. The increased flow at nine times basal production was approximately 12% greater than that seen at twice basal. The biological significance of this observation is unknown due to its small magnitude relative to a large osmolality change (Table 4) . Also, the constancy of ruminal liquid volume and fractional dilution rate does not coincide with the observations of flow. One must recognize, however, that fractional dilution and ruminal volume are estimated and likely involve greater imprecision than the measurement of flow. Salivary input is likely to remain the primary source of this flow because the infusate accounted for only an estimated 10% of the total liquid flow into the rumen. However, the passage of liquid from the rumen did not appear to be altered by elevated propionic acid concentrations.
Propionic acid has been suggested to be an important regulator of feed intake in ruminants (Anil and Forbes, 1980) . In the present study, all animals continued to consume their allotment for at least 5 h during intraruminal infusion. Only at levels exceeding six times basal were feed refusals observed. Perhaps pH is of far greater importance because the depressing effects reported by Anil and Forbes were seen with intraportal infusion at levels of approximately twofold greater than basal.
In summary, this study defined acceptable biological variation for ruminal propionic acid tumover in steers fed eight times daily. In situ propionic acid production was 142 mmouh in beef steers fed a 54% ground hay46% cornbased concentrate diet at maintenance energy intake. Ruminal disappearance of propionic acid was linearly related to its rate of production independent of production level within physiological limits. Sixty-six percent of that produced disappeared from the rumen, whereas the remainder passed with the liquid phase into the omasum. These results indicate that the digestive tract distal to the rumen is likely to become an important site of propionate absorption in cattle consuming diets that result in elevated propionate production.
Implications
The disappearance (presumed absorption) of propionic acid from the rumen is linearly related to its production rate. Increased production of propionic acid, per se, is not likely to alter its fractional disappearance from this organ. If changes of fractional disappearance do occur, then other conditions existing in or mediated by the rumen may be responsible. Sites distal to the rumen k a m e quantitatively more important for propionate absorption as ruminal propionate production increased.
